Ischaemic heart failure remains a significant health and economic problem worldwide. This paper presents a user-friendly software system that will form a part of the virtual pathological heart of the Virtual Physiological Human (VPH2) project, currently being developed under the European Commission Virtual Physiological Human (VPH) programme. VPH2 is an integrated medicine project, which will create a suite of modelling, simulation and visualization tools for patient-specific prediction and planning in cases of post-ischaemic left ventricular dysfunction. The work presented here describes a three-dimensional interactive visualization for simulating left ventricle restoration surgery, comprising the operations of cutting, stitching and patching, and for simulating the elastic deformation of the ventricle to its post-operative shape. This will supply the quantitative measurements required for the post-operative prediction tools being developed in parallel in the same project.
INTRODUCTION
Heart failure (HF) is a serious problem worldwide in terms of mortality and economic cost. In the USA, the lifetime risk of developing HF above the age of 40 is 20 per cent, and approximately half of patients die within 5 years of diagnosis. In 2010, the cost of HF to the US in direct healthcare alone was estimated to be $35 billion [1] . In the UK, HF was estimated to cost 4 per cent of all healthcare expenditure in 2000 [2] .
The most common cause of HF is ischaemic heart disease [3] , in which part of the heart muscle, or myocardium, has ceased to function because of a lack of oxygen. This is most serious when it affects the left ventricle (LV) and causes left ventricular dysfunction (LVD), in which the ability of the LV to pump blood to the body is impaired. The dysfunction is a result of several factors: the loss of muscle action in the affected part of the myocardium; changes in the size and shape of the ventricle; and, in some cases, backward flow (regurgitation) through the mitral valve.
Surgical treatment of LVD consists of removing those parts of the myocardium that are entirely necrotic. The dysfunctional ventricle is typically enlarged, and often a bulge associated with an aneurysm will be found in the necrotic area. Its form also tends to change from an ellipsoid to a less efficient spherical shape. The enlargement is undesirable because it increases the muscle tension required to achieve a given blood pressure, forcing the heart to work harder to eject blood from the LV. The distortion can also make valve closure less complete, which makes regurgitation more likely.
Thus, the aim of surgery is not only to remove the diseased tissue, but also to return the LV to its correct volume and shape-this is known as LV restoration. Other procedures that might be performed in combination with the LV restoration surgery include revascularization, in which the blood flow is rerouted in an attempt to restore some function to regions that are failing but not necrotic, correction of mitral valve regurgitation and resynchronization, in which one or more pacemakers are fitted. A description of LV restoration procedures is given in Wallen & Rao [4] .
Currently, few tools are available to assist the cardiac surgeon with treatment and surgical planning, though the right ventricle (RV) has received some attention in the literature, mainly because of its role in congenital defects. Two studies have shown that valid models can be constructed and predictions made *Author for correspondence (nigel.mcfarlane@beds.ac.uk).
One contribution of 17 to a Theme Issue 'The virtual physiological human'. from magnetic resonance imaging (MRI) sequences: Tang et al. [5] developed patient-specific models of the mechanics and fluid flow in RVs with tetralogy of Fallot, and were able to predict the post-operative shape and performance of the RV after removal of scar tissue; and Sorensen et al. [6] simulated a range of RV surgical procedures on a highly realistic virtual reality model, and reported good agreement in appearance between the real surgery and the simulation. Hartyanszky et al. [7] developed a system called computerassisted ventricle engineering (CAVE) for pre-operative planning of the cutting lines, based on CT slices; CAVE predicts post-operative LV volume and has been used to predict a successful outcome in a patient who would otherwise not have been treated. Ionasec et al. [8] developed a four-dimensional patient-specific model of the whole heart, including its chambers, valves and haemodynamics, and demonstrated its application for planning the placement of stent-mounted implants.
Treatment planning is made more difficult by the different responses of patients to the same treatment. Several studies, for example [9] [10] [11] , have reported that almost a third of cardiac resynchronization therapy patients were 'non-responders' in that their hearts did not show significant improvement in function. If no distinction is made between responders and non-responders, it can be possible to conclude, as in Wallen & Rao [4] , that there is no evidence of any long-term benefit from LV restoration, despite the short-term relief of symptoms. To distinguish responders from non-responders, a range of patient-specific risk factors, including genetics, should be taken into account. A review of current progress in patient-specific modelling can be found in Neal & Kerckhoffs [12] .
The Virtual Pathological Heart of the Virtual Physiological Human (VPH2) 1 is an integrated medicine project, which will create a suite of modelling, simulation and visualization tools for patient-specific prediction and planning in cases of post-ischaemic LVD, with or without mitral valve regurgitation. The project employs MRI and models of the LV, the mitral valve, the fluid flow and the blood circulation, together with surgical simulation and genetics to assess the patient's current condition, to perform virtual surgery and to predict the post-operative result and the long-term response to the treatment. While endocardial and epicardial segmentation, regional function and tissue viability are characteristics that are present in the majority of the currently available software products, the VPH2 platform will be unique in including quantitative analysis of the mitral valve and the simulation of surgical procedures, and in having export capabilities for further finite-element method design and processing.
Highly detailed simulations of cardiac surgery exist, but they are not primarily intended for surgical planning as they tend to be designed for training purposes [13] , or to require a virtual reality environment and haptic feedback [14] . A multi-scale, integrated model of the heart called euHeart 2 is currently being developed within the VPH programme; this can be registered to patient-specific data, but it is still at a development stage and has not yet been used in clinical practice. This paper describes the tool being developed in VPH2 for simulated LV reconstruction surgery. This provides an interactive three-dimensional visualization of the LV, which enables the user to view the epicardium and endocardium and the extent of the necrotic damage, to carry out the operations of cutting, stitching and patching, and to view the deformation of the ventricle into its post-operative shape. An earlier stage of this work has been described in Lin et al. [15] . The tool is novel in being designed for rapid use in a clinical setting, being entirely based on patient data, and requiring a minimum amount of modelling to produce a post-operative prediction. Clinical outcomes will be improved because the user will be able to include different surgical options in a highly integrated prediction of risk.
It is not claimed that the system described will be the final output from the project, but it is felt that sufficient has been achieved so far to make a description of the concept behind the system and it initial realization worthwhile. We have indicated in the text additional components that will be available in the near future as a result of work in progress at the time of writing.
INPUT DATA
The input data for this work consists of two sets of MRI: time-varying 'short-axis' MRI, and static gadolinium (Gd) MRI. VPH2 has aimed for simplicity of use and minimal discomfort to the patient in the clinical setting; hence the minimum of imaging modalities have been used to satisfy the data requirements of high resolution images, motion capture and accurate location of the necrotic region.
Short-axis MRI was chosen as the main imaging modality because its high spatial and temporal resolution make it the best technique for capturing the wall motion of the ventricle: it is widely available, non-invasive and requires no radiation or contrast agent. Echocardiography provides similar resolution, but the transthoracic mode is prone to attenuation and artefacts caused by air and fat, and the transesophageal mode is particularly invasive. A further disadvantage of echocardiography is the difficulty in producing a single image of the whole ventricle.
For quantifying the necrotic region, Gd MRI is a well-validated technique. Additional modalities such as fMRI or tagged MRI would have been interesting, but are not as widely available, and such extra imaging would have placed unacceptable demands on the patients.
In the short-axis MRI, the scanner is positioned to collect slice images of the heart with the image planes normal to the long axis of the LV. This sequence is time-varying, with 30 frames captured at each slice position, starting with the first frame at end-systole, the end of the contraction part of the cardiac cycle. 1 www.vph2.eu. VPH2 is 'The Virtual Pathological Heart of the Virtual Physiological Human'; it should not be confused with the VPH programme, of which it forms a part.
2 www.euHeart.eu.
A small number of slices, approximately 10, are captured, each starting at the same nominal point in the heart cycle. The inter-slice resolution is approximately 8 mm, which is the minimum slice-to-slice step size of the MRI scanner, and is not untypical of MRI machines in general. Hence, the slices comprise a three-dimensional image with very good pixel resolution within the slice planes, but poor inter-slice resolution. The top and bottom (apex) of the ventricle are not captured. The time sequence is used in related parts of the VPH2 suite to map the contractility of the ventricle wall, but all the work described in this paper is nontime-varying, and based on the end-diastole frame; the end-diastole is used because the volume at this point is needed in the calculation of the ejection fraction, which is one of the most important measures of the functioning of the ventricle. In the Gd MRI modality, the MRI is configured to detect a Gd compound that is preferentially absorbed by necrotic tissue. A three-dimensional data volume is captured in the same manner as the short-axis MRI, but without the time variation; only the mid-diastole frame is captured. This particular point in the cardiac cycle is used because the heart is relatively still during diastole, so the image contains fewer motion artefacts. The capture of the Gd MRI at a different point in the cardiac cycle from that of the short-axis MRI surfaces is not ideal for the purposes of registration but is unavoidable owing to the different demands on the images. The Gd injection is highly toxic, and the number of slices tends to be limited by the short time during which it remains active. The result is a threedimensional image of the heart revealing the location of the necrotic region. Figure 1 shows approximately corresponding slices through the same heart, in shortaxis and Gd MRI.
PRE-PROCESSING
The MRI images are pre-processed to extract the endocardium and epicardium (the inner and outer surfaces of the ventricle wall) in the form of triangular mesh surfaces, which can be visualized and manipulated in three dimensions. The pre-processing stages are:
-segmentation, in which the endocardium and epicardium are located in the images; -reconstruction, in which the mesh surfaces are built from the segmented points in the images; and -registration, in which the positions of the Gd surfaces are registered with the short-axis MRI, and the Gd data copied on to the mesh surfaces for visualization.
Segmentation
The purpose of segmentation is to identify contours in the MRI image slices that correspond to the endocardium and epicardium of the LV. The ventricle wall is segmented by a novel combination of two methods: the segmentation method for extracting the endocardium is a region-based level-set method [16] ; and the segmentation method for the epicardium is an edgebased level-set method [17] . The segmentation is applied to short-axis MRI, and the result is a pair of contours in each image slice, corresponding to the endocardium and epicardium, respectively. The segmentation requires one point per slice to be selected in the ventricle cavity, otherwise it is fully automatic. Segmentation of the necrotic areas from the Gd MRI images is performed by the method developed for this specific application as described in Positano et al. [18] . This has previously been described and validated in Caiani et al. [19] . Each point in the contour of the ventricle wall is labelled with the 'transmurality' value, which is the percentage thickness of the wall that is necrotic at that point.
The segmentation produces four separate point clouds marking the endocardium and epicardium in short-axis MRI and Gd MRI, respectively. The points are labelled with their respective slice numbers; the Gd points are also labelled with the transmurality.
Surface reconstruction from threedimensional contour points
The reconstruction step creates the LV surface models from the point clouds output from the segmentation. The data consist of sets of contour points; they are sparse in the axial direction, rarely consisting of more than 10 contours, approximately 8 mm apart. Figure 2 shows one such set. The contours are not captured simultaneously; rather they are captured at different times but nominally all at the same point in the cardiac cycle. The low resolution and errors owing to mistiming or the patient's breathing make it difficult to create a good mesh for later processing.
The novel surface reconstruction method developed in this work is a hybrid algorithm and has been reported in detail in Lin et al. [15] . It combines features of point-based algorithms [20 -22] and slice-based algorithms [23 -25] . Figure 3 shows a point cloud with its corresponding reconstructed surface.
One problem to note is that movement of the patient during the scanning can result in some slices being translated parallel to the slices. This should be corrected without removing any genuine bulges caused by aneurysms. In VPH2, the contours are corrected by aligning the centres of mass of the contour points along a linear regression line. Slices containing aneurysms have to be manually excluded from the correction.
Gadolinium heart ventricle registration
Registration is necessary because the Gd MRI is taken in an independent pass, so a correspondence has to be established between the Gd data and the short-axis MRI surface. This is achieved using the iterative closest point (ICP) algorithm [26] ; ICP is a fast, classical and well-tested registration algorithm that does not rely on sensitive surface information.
ICP is used to minimize the difference between two point clouds. It iteratively updates the transformation (translation and rotation) needed to minimize the distance between two input point sets, and always converges monotonically to a local minimum with respect to the distance objective function. Its output is the refined transformation matrix.
The input data are low-resolution in the axial direction and noisy. There are no surface landmarks apart from bumps, which are as likely to be noise as real features. In addition, the top and bottom of the ventricle are absent from the data, the up-and-down motion of the heart making them too difficult to capture; if the input datasets have different lengths missing, or parts were captured at different points in the cardiac cycle, registration in the axial direction becomes very difficult. Details on these problems and approaches to solve them have been previously reported in Lin et al. [15] . Work currently taking place to facilitate the process will allow the inclusion of the position of the septum (the wall between the RV and LV) in the segmented input data, thus providing a reliable constraint for the relative rotation of the surfaces, and the identification of landmarks to constrain the vertical translation component.
After the transformation matrix is calculated from the registration of the two models, the transmurality values on the Gd data are mapped to the short-axis surface in the following manner. The Gd points and the short-axis surface are both mapped to a parameterized surface-in this case, a cylinder. Although the individual points in both cases represent the same physical surface, there is no correspondence between the two sets of points. Interpolation is then performed on the parameterized surface to map the transmurality associated with the Gd vertices. In the final step, the interpolated transmurality is mapped back from the cylinder to the vertices on the short-axis surface. The process is illustrated in figure 4 .
SURGICAL SIMULATION
This section describes an interactive tool for the simulation of LV restoration surgery, consisting of cutting, stitching and patching. When these operations have been completed, the stitches are pulled tight, and the LV deforms elastically to predict the final post-operative shape. The tool is implemented on the multimod application framework (MAF) platform for medical visualization [27] , and makes extensive use of the visualization toolkit (VTK) library [28] . The purpose of the tool is the rapid prototyping of surgical options, indicating to the surgeon which options are likely to give good or bad results. The timescale for surgical planning is quite short: in this study, the MRI data are available 3 -7 days before the surgical decision. The pre-processing of the images is performed by the MRI personnel, and the surgeon is expected to spend no longer than 30 min on simulation and planning, so the tool should be easy to use and quick to return quantitative predictions of the post-operative ventricle and its functionality. Figure 5 shows the epicardium and endocardium, displayed as mesh surfaces. The user can interactively view the ventricle from any angle, with translation and zooming controlled via the mouse. The resolution needs to be high, partly so that the user does not see shape artefacts arising from discretization, and partly because the mesh-cutting algorithm in VTK produces better results when the triangles are small; the endocardium and epicardium surfaces in figure 5 contain approximately 27 000 and 38 000 triangles, respectively. If the user wishes to view the endocardium through the epicardium, a pseudo transparency is available by switching to a wireframe view; true transparency would be desirable, but would be too computationally expensive to implement with so many triangles.
Initial visualization
The colour scale for transmurality is the same as that used throughout the VPH2 project: a linear mapping of the percentage onto a 10-point scale from red to black, with 0 per cent (completely healthy) mapped to pure red, and 100 per cent (completely necrotic) mapped to pure black. The relationship between transmurality and the probability of recovering myocardial function [29, 30] is itself sufficiently linear that the scale can be considered a good representation of the clinical severity.
In its current form, the visualization lacks location features, and the positions of the coronary arteries, which constrain where sections can be cut, are not marked. As noted, this is being addressed currently by the inclusion of the position of the septum. Further, ongoing work to support revascularization will provide a map of the coronary arteries, which will be registered and displayed on the surface.
Cutting operation
For the cutting operation, the user selects a shape for the cut from a dialogue menu. Currently the shapes available are triangle, spindle or ellipse; these were agreed with cardiologists and the cardiac surgeons in the project consortium. Mathematical precision is not necessary in defining the cut, as the shape cannot be reproduced exactly in the operating theatre; it is sufficient that the tool allows a reasonable approximation to the common surgical options.
On first thoughts, a freehand drawing tool might appear to be an attractive way of defining the position of the incisions, but, in practice, the cutting tool widget is much quicker and less clumsy to use than such a drawing tool would be. It also stands repeated use without becoming tiresome. While the user is not free to draw every possible shape, the system includes the shapes that are commonly used in practice, and more could easily be added if users required them. A further advantage of providing a set menu of shapes is that the corresponding stitching patterns can be determined in advance, allowing stitching to be simulated automatically; this would be difficult to achieve with an unconstrained shape. When the shape of the cut is selected from the menu, an interactive widget appears on the epicardium surface, as shown in figure 6 . The widget can be positioned and manipulated by using the spherical handles supplied. It is initially positioned on the surface facing the virtual camera, and an automatic correction is applied at each interaction to ensure that the widget remains as close as possible to the surface, while keeping the handles visible. When the user is satisfied with the widget position, the 'cut' button is selected and the widget shape is punched through the surfaces. Figure 7 shows the result of the ellipse cut; the epicardium diametrically opposite the cut is visible through the resulting hole. The cut itself is executed by the standard VTK cutting function, but the widgets and the implicit functions controlling the cut are novel VTK extensions created specifically for this work.
Stitching
When the user has cut the required hole in the LV, an option is provided to place a patch (see §4.4), or to stitch without a patch. For the latter, the stitches are placed automatically across the hole with no user input. In the case of the spindle and ellipse, the stitches are placed normal to the central axis, which is defined as the longest chord between pairs of points around the hole. Pairs of points opposite each other across the central axis are identified, and each pair is joined by a stitch. Figure 8a shows the stitching pattern for a spindle-shaped hole. In the case of the triangle, the longest chord is simply the longest side, and is not the correct axis for the stitching direction; instead, the correct way to stitch a triangle is to place the stitches parallel to the shortest side. To avoid buckling, the mid-point of the shortest side is pulled outwards, deforming the triangle into a kite shape. This is shown in figure 8b. 
Patching
As stated in §1, one of the aims of LV restoration surgery is to reduce the volume of the LV to a normal size. However, if the amount of necrotic tissue that must be removed is so large that the post-operative LV would become too small to function suitably, the surgeon may decide to insert a patch.
The patch is a piece of dacron material, which is placed across the surgical hole, beneath the endocardium. The edge of the hole is then stitched to the patch, rather than to the opposite edge of the hole. This enables the surgeon to close the hole but leave an LV with an optimal volume. It also gives the surgeon some extra control over the final shape.
In this work, when the patch option is selected, a patch is placed automatically in the hole. The precise shape and size are not important, so the patch is created with the same shape as the hole (triangle, spindle or ellipse) and slightly larger, so that the hole will be sealed. Unlike the automatic stitching in the previous section, the procedure of stitching to the patch requires manual input from the user, since the placement of stitches on the patch depends on how much closure is required to achieve the desired reduction in the ventricle volume.
In the case of the spindle and ellipse, it would be possible to change the dimensions of the stitching line with two parameters corresponding to the percentage closure in the axial and normal-to-axis directions; however, it is extremely difficult to generalize this to the triangle case, or indeed, to any other shape that might implemented. A convenient and general solution to this is to re-use the cutting tool widget (see §4.2) as a stitch-to-patch tool. The tool is constrained to 'stick' to the patch and to remain within the hole. The stitches join the points on the edge of the endocardium hole to points on the patch, controlled by the widget. Each point on the hole is stitched to the patch point which is nearest to the nearest widget point. Figure 9 shows a patch and its associated stitching tool in a spindle-shaped hole.
It can be seen in figure 9 that the patch mesh is composed of quad cells, rather than triangles; this anticipates the elastic deformation in the following section, in which the low shear strength of the quads should be a closer match to properties of the dacron material than triangles.
Deformation
The final stage of the surgical simulation is to predict the final shape of the LV after the stitches have been pulled tight and the ventricle has deformed to its new shape. This requires an elastic model of the LV. A review of deformable modelling in surgical simulation can be found in Meir et al. [31] . Most elastic models used in surgical simulation are of two types: finiteelement and spring-mass. Finite-element models divide the tissue into volumetric cells and are the model-of-choice when highly accurate simulation of mechanical properties is required; however, they have not proved popular because of the difficulty in creating a well-formed volumetric mesh and in simulating surgical cutting in real time. Spring-mass models represent a surface, or sometimes a volume, by a set of point masses joined by springs. As such, they are simpler and faster to solve than finite elements, and are the most common type of model used in surgical simulation. The disadvantages of spring-mass models are that they cannot simulate physical properties as accurately as finite elements (it is difficult to decouple the tension and shear constants), and additional components are required to simulate bending forces.
In this work, a spring-mass model of the LV is being developed. The components included in the model are the meshes corresponding to the endocardium and the patch, and the stitches. The epicardium is omitted, because it is no longer of any quantitative interest; all of the subsequent post-operative functional analysis is based on the endocardium alone. The model corresponds to the mesh in that the nodes of the mesh become point masses, and the edges of the cells become springs. However, the number of triangles in the endocardium mesh is too large for the deformation equations to be solved in a reasonable time, so the mesh is first decimated to produce a low-resolution version composed of approximately 6000 triangles. The springs are Hookian, so the force F ij on each point i due to spring j is given by
where K ij is the spring constant, L ij is the length, L 0ij is the rest length and x j and x i are the positions of the end points. With a mass m i and a damping factor g i associated with each point, the equation of motion of point i is
In the simulation shown here, all the masses m i were set to 1.0, and all the damping factors g i were set to 1.4, corresponding to a critical damping ratio of 0.7. All of the spring constants K ij were set to 1.0. These were example values to demonstrate the deformation, but the model will ultimately include correct elastic constants, with bending and pressure forces. The rest lengths were set to the lengths of the springs in the starting configuration. The stitches were pulled tight by setting the rest lengths of the stitches to a small value, and the system was deformed to its new equilibrium state by symplectic Euler integration. The maximum stable timestep is limited by the highest frequency mode of the mesh, or approximately by the frequency of the stiffest spring. A detailed analysis of the stability of numerical integration methods has been given by Hauth et al. [32] . Figure 10 shows an endocardium before closure, and the post-operative shape after 1000 Euler iterations. The simulation required 50 s on a 2.3 GHz AMD processor.
While the deformation works satisfactorily, a small amount of tuning is taking place to improve its performance. Anisotropy will be taken into account if the need is indicated during the validation phase. The pressure on the mesh consists of the internal intraventricular pressure, which varies with the cardiac cycle, and a smaller external pleural pressure, which varies with the respiratory cycle. It is not possible to directly measure the patient-specific intraventricular pressure without invasive catheterization; therefore the end-diastole value will be predicted from the known properties of the patient-specific heart, using the suite of functional assessment tools currently being developed in parallel within VPH2 (see §4.6).
As stated previously, a problem with Euler integration is that the maximum timestep is limited by the highest natural frequency in the mesh, so that a small number of 'stiff' springs can force the whole integration to run slowly. One solution to this is to balance the dynamics of the mesh by adjusting the masses of the points so that every spring has the same natural frequency. Thus, stiff springs will be attached to larger masses, so that they move more slowly. This is possible in this application because the distribution of masses affects only the dynamics of the mesh, not the final equilibrium position-the dynamics of the deformation are of interest only to the extent that the animation should remain stable from start to finish. This will allow the tissue, stitches and patch to be assigned different spring constants without having to reduce the speed of the integration.
Finally, it is noted that the simulated LV is under pressure, and therefore that the act of cutting should itself cause some elastic deformation, prior to stitching. This means that the equilibrium position of the massspring model is that of the mesh before the cut, not after. Further investigation is taking place to see if the effect is significant and, if so, to take the additional deformation into account.
Outputs and integration with the virtual pathological heart of the Virtual Physiological Human
This work described lies within the larger framework of VPH2, and forms a link between the pre-operative functional assessment of the patient and the post-operative functional predictive tools. When the user has completed the simulated surgery, various quantitative measurements must be made on the predicted post-operative LV to integrate with the post-operative assessment tools. These measurements are to be added to the workflow in the immediate future.
The most important measurement is the volume between the top and bottom slices, which is used to calculate the total end-systolic volume of the ventricle. Another important shape parameter with an effect on the efficiency of the LV is sphericity, which is the ratio of the length to the radius. The functional assessment tools in VPH2 are based on a standard 18 or 16-sector model of the LV, the conventional display for which is the 'bullseye diagram'. This shows the ventricle viewed from above and flattened, with the sectors from the top of the LV at the centre and the sectors from the bottom of the LV towards the periphery, as shown in figure 11 .
The input epicardium and endocardium are labelled at each point with the sector number. By this means, it is possible to calculate the fraction of each sector that was removed during surgery. This is essential for the post-operative tools that predict the motility of each sector of the ventricle. These tools are the subject of a separate paper currently in preparation.
Validation
The validation phase of the project will start shortly. MRI images of the pre-operative and post-operative states will be available against which to test the predicted outcome. VPH2 is currently running a study with 24 patients, from whom follow-up MRI will be captured two or six months after surgery. The delay between the operation and the follow-up MRI is not ideal for validation, as the shape of the heart could again change in the intervening period, but it does have the advantage of allowing the VPH2 predictions to be compared with the medium-term outcome, which is clinically more important than the immediate post-operative result.
The greatest difficulty in validating the system is not the availability of the before and after images, but in ensuring a true correspondence between the actual surgery and the virtual surgery performed in the simulation. It is not possible to require that a simulation should be exactly replicated in the operating theatre, or that the surgeon should replay the operation immediately afterwards on the computer. While the cardiac surgeons involved will provide as accurate a record of the actual surgery performed to support this process, the project also intends to film the surgery, to record as faithfully as possible the location, shape and size of the cut. This will allow a comparison between the predicted and actual shape of the post-operative LV, and the validation of the VPH2 functional predictive tools that are currently being developed in parallel (see §4.6).
FURTHER WORK
As mentioned in the earlier sections, now that the main features of the system are in place, further work continues to enhance the available facilities and to improve the running of the system. In addition to the integration with the VPH2 assessment tools mentioned previously in §4.6, and the validation discussed in §4.7, further work will complete the surgical simulation tool described in §4, including the visualization of the septum and the vasculature on the epicardium and the pressurization of the mass-spring model.
CONCLUSIONS
Ischaemic HF remains a significant health and economic problem worldwide despite continued progress in treatment. The VPH2 project is currently developing an integrated system for patient-specific treatment planning in the case of LVD. In this paper, we have presented a user-friendly visualization system for surgical planning and simulation, which forms part of this.
The proposed system allows the user to visualize the dysfunctional LV and the degree of ischaemic damage interactively, and to simulate the surgical procedures of cutting, patching and stitching. A spring-mass model predicts how the ventricle will deform to its post-operative shape and further work will make available quantitative predictions of the post-operative shape and volume to other parts of the treatment planning pipeline in VPH2. 
